Background. Hip fracture, a major health problem in elderly persons, varies in incidence among the populations of different countries and is directly related to animal protein intake, a finding that suggests that bone integrity is compromised by endogenous acid production consequent to the metabolism of animal proteins. If that is so, vegetable foods might provide a countervailing effect, because they are a rich source of base (bicarbonate) in the form of metabolizable organic anions, which can neutralize protein-derived acid and supply substrate (carbonate) for bone formation.
N 1992, Abelow and coworkers reported that the incidence of hip fractures in women aged 50 years and older correlates positively with a country's average annual per capita consumption of animal protein (1) . Noting that animal protein is a rich source of sulfur-containing amino acids, which the body metabolizes to the fixed acid sulfuric acid, Abelow and coworkers interpreted the positive correlation of hip fracture rate and animal protein intake as consistent with the hypothesis that hip fractures result in part from deleterious effects of prolonged exposure to dietary acid (2, 3) .
If that interpretation is correct, however, the decisive risk factor for hip fracture would not be the rate of production of fixed acid (sulfuric acid) from animal protein but the net rate of endogenous acid production, when all sources of dietary acid and base are considered. Net endogenous acid production is determined by dietary factors in addition to animal protein intake, including factors that result in endogenous base production and that attenuate or counteract the acid-producing effect of animal protein (4) . Vegetable foods in particular are rich in bicarbonate and in organic anions that can be metabolized to bicarbonate (5, 6) , which in turn reduces the net rate of endogenous acid production for a given rate of sulfuric acid production (7). Accordingly, for any protein intake, the net rate of endogenous acid production may vary over a substantial range, depending on the relative intakes of animal and vegetable foods. Taking vegetable food consumption into consideration, therefore, is necessary to fully assess the net acidbase effect of diet and to determine whether the hip fracture rate correlates with net endogenous acid production. One cannot predict a priori whether the contribution of vegetable foods will weaken or strengthen the case for a positive association between hip fracture rate and net acid production based on consideration of animal foods consumption alone.
This study examines the cross-cultural relation between hip fracture incidence (HFI) and acid-base potential of the diet, taking into consideration the consumption of both vegetable and animal foods.
M ETHODS
Country-specific surveys of HFI were identified by Medline searches and pursuit of the generated leads. Reports were selected only if hip fracture rates were recorded for women over the age of 50 years and if per capita food consumption data were available for the country surveyed (see below). Eighty-seven surveys from 33 countries met these criteria (8-74).
I
For each survey, hip fracture rates for women over the age of 50 were expressed as fractures per 100,000 personyears for each age group tabulated in the report. Age grouping varied among reports, most often in 5-or 10-year intervals. To allow between-country comparison of fracture rates, the fracture rate for each age group in each survey was adjusted to a common population base for that age group, using the direct method of standardization (75) . The reference population for that standardization was the age group distribution of women in the United States for 1987, as reported by the US Census Bureau (76) . For each survey, the cumulative standardized fracture rate for all age groups over 50 years was then calculated. For each of the 33 countries surveyed, a single estimate of fracture incidence was generated as the mean of the standardized cumulative fracture rates from all surveys for that country, and that value was used to represent hip fracture incidence for between-country comparisons and relation to food consumption parameters.
Estimates of per capita consumption of foods of both animal and vegetable origin were obtained from Food Balance Sheets (77) , published by the Food and Agriculture Organization (FAO) of the United Nations. Whenever possible, for each hip fracture survey, the food consumption data used was that for the 10-year interval prior to the date of the fracture survey, averaged over the interval. Otherwise, data for the closest available prior decade were used. For each country, a single estimate of each per capita food consumption variable (see below) was then generated as the mean of the values for all surveys. The food consumption variables evaluated were animal protein (AP), vegetable protein (VP), total protein (TP), in grams/day, their ratios, and the quantities of animal, vegetable, and total foods consumed, in kilocalories/day, and their ratios.
Age-adjusted hip fracture rates were analyzed in relation to food consumption variables by linear, multiple linear, and nonlinear regression, using SigmaStat (Jandel Corp., San Raphael, CA). son-years. Among the countries in the lowest tertile of HFI ( n ϭ 11 countries), hip fracture rates were less than 60 per 100,000 person-years. These 11 countries also had the lowest animal protein consumption of the 33 countries surveyed. Notably, in all 11 countries in the lowest tertile of HFI, vegetable protein consumption exceeded the country's corresponding intake of animal protein (VP/AP Ͼ 1.0). By contrast, among the countries in the highest tertile of HFI ( Ͼ 116 per 100,000 person-years), animal protein intake exceeded vegetable protein intake in 10 of 11 countries. Among the 33 countries, HFI varied directly with total protein intake (HFI ϭ Ϫ 97.9 ϩ 2.1 · TP, r ϭ ϩ .67, R 2 ϭ .45, p Ͻ .001), directly with animal protein intake (HFI ϭ Ϫ 26.591 ϩ 2.413 · AP, r ϭ ϩ .82, R 2 ϭ .67, p Ͻ .001) (Figure 1 , left panel), and inversely with vegetable protein intake (HFI ϭ 167.272 Ϫ 2.093 · VP, r ϭ Ϫ .37, R 2 ϭ .14, p Ͻ .04) ( Figure 1 , right panel). Hip fracture incidence was strongly correlated inversely and exponentially with the ratio of vegetable/animal protein intake (HFI ϭ 257.6 · e ( Ϫ 1.24 · VP/AP) , R 2 ϭ Ϫ .84, p Ͻ .001) ( Figure 2 ). Thus, 70% ( ϭ 0.84 2 · 100) of the variation in HFI among countries was accounted for by the variation in vegetable/animal protein ratio. Among countries, vegetable and animal protein intakes correlated inversely (AP ϭ Ϫ 0.19 · VP ϩ 49.5, r ϭ Ϫ .37, R 2 ϭ .14, p Ͻ .04).
R ESULTS
Adjusting for animal protein intake in multiple regression analysis, vegetable protein intake was not a significant predictor of HFI. Animal protein intake, however, correlated directly with total protein intake (AP ϭ -33.5 ϩ 0.91 · TP, r ϭ ϩ .86, p Ͻ .001), whereas vegetable protein intake did not correlate significantly with total protein intake. After adjusting for total protein intake in multiple regression analysis, vegetable protein intake was a significant negative predictor of HFI (HFI ϭ ϩ 2.3 · TP Ϫ 2.8 · VP Ϫ 5.9, R 2 ϭ .68, p Ͻ .001).
Reanalysis of the data expressing per capita consumption of animal and vegetable foods in kilocalories per day instead of in grams of protein per day yielded essentially identical results. For example, HFI varied inversely and exponentially with the ratio of vegetable/animal kilocalories per day (VK/AK) consumed (HFI ϭ 212.5 · e Ϫ 0.32 и (VK/AK) , R ϭ .82, p Ͻ .001).
D ISCUSSION
The findings in this study confirm those of Abelow and coworkers (1) that HFI in women over the age of 50 is directly correlated with animal protein consumption. By extending the findings from 16 to 33 countries, spanning six continents, the present findings greatly strengthen the generalization of a worldwide association of hip fractures in women with animal protein consumption. The findings further extend the observations of Abelow and coworkers by demonstrating that HFI also correlates with vegetable protein consumption, but in the opposite direction.
The association of hip fractures with animal protein consumption was interpreted by Abelow and coworkers (1) as supporting the hypothesis that eating animal foods increases hip fracture risk by increasing endogenous fixed acid production from metabolism of the accompanying protein, and thereby promotes the development of osteoporosis (2) . We reasoned that if this interpretation is correct, the critical risk factor for hip fracture would not be the rate of production of fixed acid (e.g., sulfuric acid) from animal protein but the net rate of endogenous acid production, when sources of di- etary base as well as acid are considered. Vegetable foods are rich in organic anions (5) that can be metabolized to the base, bicarbonate, which in turn reduces the net rate of endogenous acid production for a given rate of acid production from animal foods (7, 78, 79) . Vegetable protein intake may therefore be a marker of the total amount of vegetable foods ingested, which in turn indicates the amounts of baseproducing organic anions ingested. (Because protein content varies among vegetable foods, per unit weight or kilocalorie of food, it is not a perfect index of the quantity of vegetable food consumed or of the quantity of whatever constituents are present in vegetable foods that may confer a skeletal protective effect.)
It seems unlikely that any beneficial effect of vegetable food consumption on hip fracture risk would be mediated by the proteins in the vegetable foods. Although vegetable proteins reportedly contain lesser amounts of sulfur-containing amino acids than do animal proteins (80), a corresponding lesser increase in the rate of metabolic acid production per unit increase in vegetable versus animal protein consumed would not be expected by itself to reverse a directional effect of protein intake on hip fracture risk.
[The general belief that the sulfur-containing amino acid content of animal proteins is greater than that of vegetable proteins is based on analyses of relatively few isolated proteins, whereas the more relevant issue is the relative contents of those amino acids in the entire complex of proteins making up individual foods of animal and vegetable origin.
When the latter is examined from food composition data, the sulfur-containing amino acid content of common foods of animal origin, expressed in mEq of sulfur per 100 g of protein, is fairly uniform and generally higher than most common foods of vegetable origin (Table 2) . But in a number of common vegetable foods, the sulfur-containing amino acid content is within the range and greater than that of common animal foods (Table 2 ). When we look at the potential sulfuric acid load from metabolism of vegetable proteins, we must take into consideration the specific foods ingested as well as their quantity.]
To further examine the influence of the relative amounts of vegetable and animal food intake on HFI, we examined the ratio of vegetable/animal protein intake across tertiles of HFI. Among the countries in the lowest tertile of HFI, vegetable protein intake invariably exceeded that of animal protein intake (VP/AP Ͼ 1), and among those in the highest tertile, vegetable protein intake was nearly always lower than animal protein intake (VP/AP Ͻ 1; 10/11 countries) ( Table 1 ). On average, for every hip fracture occurring among women over the age of 50 in countries among the lowest tertile, 7 to 8 hip fractures occur among women in countries in the highest tertile. At the extremes, that is, comparing the countries with the highest (Germany) and lowest (Nigeria) hip fracture rates, the relative fracture incidences are 200 to 1 (Table 1) . When all countries are considered together, the ratio of vegetable/animal protein intake correlated inversely and exponentially with HFI (R ϭ Ϫ.84, p Ͻ .001) (Figure 2) , and accounted for 70% of the total variation in HFI.
Because vegetable food consumption was significantly correlated with animal food consumption-inversely-it might be argued that vegetable food consumption is not an independent predictor of HFI. That is, the lower rates of hip fracture in countries in which people ate more vegetable foods might have occurred because they also were eating less animal foods. Yet, when total protein intake was held constant in multiple linear regression analysis, vegetable food consumption remained a significant negative predictor of hip fracture rate ( p Ͻ .001). Thus, among countries with similar total protein intakes, vegetable food consumption varied independently and was an independent negative predictor of hip fracture rate.
Although HFI was more tightly correlated with animal protein intake (r ϭ ϩ.82) than with vegetable protein intake (r ϭ Ϫ.37), the magnitude of effect on hip fracture rate per unit difference in intake was nearly the same, although in opposite directions (Figure 1) . In both cases, a 10-g difference in protein intake was associated with a change of approximately 20 hip fractures per 100,000 person-years.
Consistent with the proposal of Abelow and coworkers (1) that the direct effect of animal food consumption on HFI is related to increased endogenous acid production, we propose that the inverse effect of vegetable food consumption on hip fracture is related to increased endogenous base production. The base precursors of natural foods are largely organic anions, such as citrate, succinate, and other conjugate bases of carboxylic acids, which the body metabolizes to bicarbonate. Foods contain both organic anions (e.g., citrate) and their corresponding undissociated organic acids (e.g., citric acid). When an ingested organic acid, such as citric acid, is metabolized by the body, the end-products are carbon dioxide and water. When an ingested organic anion, such as citrate anion, is metabolized, the end-product is bicarbonate (78) . Vegetarian diets yield significantly lower rates of net endogenous acid production than do mixed animal and vegetable diets, even when the diets are equal in protein content (81) . Diets that consist predominantly of vegetable foods frequently yield negative rates of net endogenous acid production or net base production (79) . Renal net acid excretion correlates positively with animal protein intake and negatively with vegetable protein intake (7) .
Careful studies indicate that diet-dependent differences in net endogenous acid production are sufficiently large to perturb systemic acid-base equilibrium (82, 83) , which presumably is prerequisite to initiation of pathophysiological sequelae. Otherwise healthy subjects eating net acid-producing diets are in a chronic state of low-grade metabolic acidosis, which increases in severity because renal function normally declines with increasing age (82, 83) . These differences in systemic acid-base equilibrium induced by differences both in diet net acid load and age-related renal functional status thus provide a potential signal for adaptive responses of the body that have numerous maladaptive "trade-off" effects, including dissolution of bone (84, 85) .
Bone is a large reservoir of base, in the form of alkaline salts of calcium that are released into the systemic circulation in response to increased systemic acid loads (86) (87) (88) (89) . Experimentally induced chronic metabolic acidosis by acid loading induces loss of bone mass (86, (90) (91) (92) (93) (94) because of participation of bone in this homeostatic response (86) . Released bone base mitigates the severity of the metabolic acidosis. As acid loading continues, the bone minerals accompanying that base are wasted in the urine and bone mineral content, and bone mass progressively declines (91-93). The mechanism of bone loss includes acidosis stimulation of osteoclasts and inhibition of osteoblasts (95) .
Evidently, even the low-level acid loading and metabolic acidosis that occur in humans eating ordinary diets is sufficient to impose a chronic demand for base of skeletal origin. In humans eating ordinary net acid-producing diets, the kidneys do not dispose of the entire daily acid load (82, 96) . As a result, normal subjects are in a state of chronic acid retention (82) . Because the degree of acidosis in the systemic circulation does not increase measurably from day to day (82, 86, 88, 96) , there must be an internal reservoir supplying base to the systemic circulation. Bone is the only base reservoir with sufficient capacity for that mechanism to operate over a lifetime (97) . Over decades, the magnitude of daily positive acid balance may be sufficient to induce osteoporosis (2, 3) . Reducing the diet net acid load to nearly zero by supplementing the diet with base improves calcium balance, reduces bone resorption, and stimulates bone formation (98) .
Even if the findings in this study could be interpreted as indicating a causal relationship between diet net acid load and HFI, which they cannot because they are only associational, they could not be interpreted as implying that the diet net acid load is a major determinant of hip fracture rates in elderly women. These findings do, however, raise the possibility only that differences in net acid load might account for a major fraction of the differences in fracture rate in that segment of the population, whatever may be setting the underlying acid load-independent rate. Conceivably, the observed magnitude of the effect of net acid load differences is dependent in part on the presence or absence of other clinically more important determinants of the rate of bone turnover in elderly women, such as estrogen status, calcium intake, body weight, and levels of physical activity.
Furthermore, because differences in acid load-independent fracture risk factors perforce could not be controlled for in this study, the possibility that the dietary net acid load is a pathophysiologically benign covariate of one or more of those factors cannot be excluded. Such factors include physical activity, dietary variables other than protein intake, and other physiological factors influenced by cultural practices and state of economic development. Indeed, the issue whether "excess" dietary protein intake adversely affects bone in humans is a subject of current controversy in nutrition (3, 99, 100) , with one group concluding that "excess protein will not harm the skeleton if the calcium intake is adequate" (100), and another group that "excessive dietary protein from foods with high potential renal acid load (e.g., animal foods) adversely affects bone, unless buffered by the consumption of alkali-rich foods (e.g., vegetable foods)" (3) . Clearly, the present study cannot be interpreted as resolving this issue. Only the fact that the findings in this study are predictable a priori from our knowledge of acidbase effects on bone make them potentially clinically and epidemiologically relevant.
Nevertheless, the findings are only associational, and of the large numbers of potential confounders, the available data permitted adjusting only for age and for considering women only. Heaney, in particular, has been critical of interpreting cross-sectional associational studies, such as this one, as suggesting causal relationship, and we share that view. In reviewing the smaller study (n ϭ 16 countries) by Abelow and coworkers, Heaney noted, in particular, that many of the countries with lower hip fracture rates were predominantly inhabited by black and Asian populations, who may have lower risks for hip fracture, either because bone mass tends to be greater (blacks), or because the architecture of the hip differs (Asian) (100) . The larger number of countries (N ϭ 33) included in the present analysis gave us the opportunity to test whether the association of hip fracture rate and animal and vegetable food consumption continues to hold when those countries (n ϭ 10) are excluded from the analysis. For the countries with predominantly Caucasian populations (n ϭ 23), we found that the results were similar to those obtained in the primary analysis of all countries (Figure 3) . That result does not, however, exonerate other confounders that might influence hip fracture risk among Caucasian women.
Another potential pitfall of this particular associational study stems from interpreting food consumption data (FAO Food Balance Sheets) for the combined population of a country as applicable to one segment of the population, in this case, women over the age of 50 (101) . To the extent that animal and vegetable food consumption by such elderly women differs from the population average, the data would be skewed.
Based on our findings and the considerations and caveats offered in this discussion, we hypothesize that the relatively high incidence of hip fractures in women in industrialized countries is caused, at least in part, by the cumulative effects on bone of the body's chronic retention of a fraction of the high dietary net acid load characteristic of the inhabitants of those countries. This high dietary net acid load, in turn, is the result of disproportionate consumption of animal (acid precursors) relative to vegetable (base precursors) foods. The degree of acid retention is determined in part by the magnitude of the diet-determined net acid load and in part by the acid-base regulatory integrity of the kidney, which declines with increasing age, resulting in increasing degrees of chronic low-grade metabolic acidosis. The attendant increased blood acidity and hypobicarbonatemia provide the proximate signals for a cell-mediated increase in bone turnover that contributes to the development of osteoporosis and increases hip fracture risk in postmenopausal women. Moderation of animal food consumption and an increased ratio of vegetable/animal food consumption may confer a protective effect.
